Ubiquitin is the founding member of a family of structurally conserved proteins that regulate a host of processes in eukaryotic cells. Ubiquitin and its relatives carry out their functions through covalent attachment to other cellular proteins, thereby changing the stability, localization, or activity of the target protein. This article reviews the basic biochemistry of these protein conjugation reactions, focusing on ubiquitin itself and emphasizing recent insights into mechanism and specificity. D
The ubiquitin family of protein modifiers
Ubiquitin is the prototype of a family of proteins that display remarkably similar structures, but variable sequences ( Fig. 1 ; see Refs. [1] [2] [3] [4] ). The mature forms of most of these proteins terminate with a signature diglycine sequence, which is usually exposed only after proteolytic processing.
Prokaryotes have no molecule that is functionally analogous to ubiquitin. That is, there is no (known) prokaryotic protein that acts as a signal through covalent attachment to another protein. However, prokaryotes do possess proteins-the evident ancestors of ubiquitin-that display a ubiquitin fold. The bacterial proteins ThiS and MoaD facilitate the insertion of sulfur into the organic cofactors thiamin and molybdopterin, respectively (reviewed in Ref. [3] ). As shown for ThiS in Fig. 1 (A versus D), the conformations of these bacterial proteins are similar to that of ubiquitin [5, 6] . ThiS and MoaD both carry sulfur in the form of a C-terminal thiocarboxylate that is produced from an initial C-terminal adenylate intermediate (see Refs. [3, 7] ). As discussed below, the activation of ThiS and MoaD bears a strong mechanistic relationship to the activation of eukaryotic ubiquitin-like proteins.
Functional diversity in the ubiquitin protein family
The process of evolution has generated a family of eukaryotic proteins that share the ubiquitin fold. These proteins also share a common biochemical mechanism: an isopeptide bond is formed between the modifier's terminal glycine and an amino group of the target protein. ( In this article, we will frequently refer to such ubiquitin-like modifier proteins using the generic term bUbl.Q) Usually the amino group is contributed by a lysine residue, but Nterminal ubiquitination is also known (see Ref. [8] ). Some family members, like Nedd8 and Sumo ( Fig. 1B and C) , are universally distributed in eukaryotes. Others, such as the linear diubiquitin analogs Fat10 and ISG15, and the singledomain protein Ufm1, arose more recently and are found only in mammals (see Refs. [1, 9, 10] ). Several new eukaryotic members of the ubiquitin family have recently been discovered, including Urm1, which is more closely related to ThiS/MoaD than to ubiquitin [11] , and Hub1, which uniquely terminates in a dityrosine motif [12] . In yeast, these two family members have poorly understood roles in target-of-rapamycin (TOR) signaling [13] and cell polarity [12] , respectively. In all likelihood, additional ubiquitin family members remain to be discovered since ubiquitin-like ORFs generally fall below the length cutoff for annotation in genome sequencing.
Certain proteins that are mechanistically related to ubiquitin have only been recognized following substantial characterization. Notable examples include Atg8 and Atg12, which are significantly larger than ubiquitin and have no sequence relationship to it, although a structural relationship is likely [14] . Both proteins play important roles in macroautophagy, a process in which regions of cytoplasm are engulfed by a specialized double membrane and delivered to lysosomes so that their contents can be degraded. Atg12 becomes linked to another protein in this pathway, while Atg8 is linked to the amino group of phosphatidylethanolamine to mediate Atg8 association with autophagic membranes [15] .
Besides proteins like those shown in Fig. 1 , whose biology requires C-terminal chemistry, ubiquitin-like domains also occur as stable elements within other proteins. Because they lack the terminal diglycine motif, these domains cannot be processed or conjugated [3, 4] . So-called type II ubiquitin-like domains, which usually have an Nterminal location, bear significant sequence similarity to ubiquitin and display its characteristic fold [16] . There are also stable elements, notably the Ubx domain, that share the ubiquitin fold in the absence of any sequence homology [17] . Stable ubiquitin-like domains often function as targeting elements (see article by Howley and Ref. [17] ). In summary, the ubiquitin fold represents a versatile interaction module that has arisen more than once during evolution.
In the rest of this article we discuss only those members of the ubiquitin family that undergo conjugation to other proteins. Strong interspecies sequence conservation indicates that the biological function(s) of each of these proteins is highly conserved. For example, human Sumo-1 is only 20% identical to human ubiquitin, but it is 52% identical to yeast Sumo (called Smt3). Ubiquitin itself presents the most striking case, differing at only 3 of 76 positions between yeast and humans. Ubiquitin's remarkable conservation is believed to reflect strong selective pressure on the entire molecule as a result of its diverse biological functions. Ubiquitin is a well-established, functionally distinct signal in proteasomal and lysosomal proteolysis (see Refs. [18, 19] and other articles in this issue). It is also a non-proteolytic signal in subnuclear trafficking [20] , DNA damage tolerance [21] , and several other processes (see Refs. [19, 22] ).
Although much remains to be learned, the past several years have seen substantial progress in elucidating the basic functions of eukaryotic ubiquitin-like modifiers. Sumoylation regulates nucleocytoplasmic transport and cell cycle progression by modulating the localization or activity of its substrates (see article by Johnson and Ref. [23] ). ISG15 conjugation plays an important role in normal development and in interferon a/h-mediated responses to viral infection [9] , although the specific purposes served by ISG15 modification are not yet known. The functions of Fat10 also remain mysterious; this Ubl is encoded in the MHC class I locus and may play a role in cytokine-induced apoptosis [24] .
Just as our understanding of the biological functions of ubiquitin family members is still imperfect, so too do we lack a clear understanding of the biochemical mechanisms by which these functions are carried out. The basic scenario is well established: the modifier protein is conjugated to an amino group of a specific target protein and then recognized in a manner that leads to specific downstream events, which vary depending on the identity of the protein modifier and the location and identity of the substrate. In the case of ubiquitin, its polymerization state is also importantubiquitin can be linked to substrates as a monomer, or in the form of isopeptide-linked polymers called polyubiquitin chains, whose structure can influence the substrate's fate. For example, polyubiquitin chains linked through K48 target substrates to proteasomes, resulting in an essential function for this side chain [25] . Poly-Sumo chains have also been observed within cells, but at least in yeast they do not perform an essential function [26] .
Can ubiquitin family members engage in cross-talk? Increasing evidence suggests an answer in the affirmative. For example, the conjugation of Sumo to certain substrates can defend these molecules against modification by ubiquitin and, thus, prevent the consequences that would follow from ubiquitination (for example, Ref. [21] ). In a recent unexpected development, UbcH8-a bona fide Fig. 1 . Members of the ubiquitin protein family: (A) Ubiquitin [138] ; (B) Nedd8 [32] ; (C) Sumo-1 [139] ; (D) ThiS [6] . All ribbon diagrams were generated by MOLSCRIPT [140] , and Raster3D [141] .
conjugating enzyme for ubiquitin-was found to have a second role as a conjugating enzyme for ISG15 [27] . But the best-characterized example of cross-talk is provided by Nedd8/Rub1. This closest relative of ubiquitin modifies one type of ubiquitin-protein ligase (E3) and thereby stimulates these enzymes to become more active in the conjugation of ubiquitin to cognate substrates (see Ref. [2] and below).
However, there are many unanswered questions. How is conjugation catalyzed? What molecular principles govern substrate specificity? How is specificity regulated? What factors mediate the recognition of a given substrate-linked Ubl? And how is that recognition translated into specific downstream events? Principles and progress in several of these areas are discussed below.
The biochemistry of Ubl conjugation
The conjugation of ubiquitin to substrates usually involves three steps ( Fig. 2A) : an initial activation step catalyzed by E1, an intermediate step in which the Ubl is covalently linked to a conjugating enzyme (E2), and a final step in which the Ubl reaches its ultimate destination of the substrate amino group. The last step is usually facilitated by a ligase enzyme (E3). Nedd8 and Sumo each have a single E2 and a limited number of E3s. Atg8, Atg12, Ufm1, and ISG15 are each known to have a single E2-like enzyme, but so far these Ubls lack unique E3s. Neither E2s nor E3s are yet known for Urm1, Hub1, and Fat10. The conjugation machinery for ubiquitin differs from these examples mainly in terms of scale: there is a large family of ubiquitindedicated E2 enzymes and an even larger set of E3 enzymes ( Fig. 2B and below) .
Activating enzymes (E1s)
The first task in protein conjugation reactions is to activate the C-terminus of the Ubl protein for its ultimate fate of attack by the substrate amino group. This reaction is catalyzed by a Ubl-specific E1 enzyme. In eukaryotes, the activation reaction comprises two steps: the initial formation of a Ubl-adenylate intermediate is followed by the reaction of this intermediate with an E1 cysteine residue to form an E1~Ubl thiol ester. In general, each Ubl has a single dedicated E1. This is true even for ubiquitin (except in plants), in spite of its enormous array of downstream conjugating factors. (The only known exceptions are Atg8 and Atg12, which share the same E1 [15] .) The formation of a Ubl~adenylate intermediate is the most ancient reaction in ubiquitin-like protein pathways. Thus, E. coli MoeB, which is the E1 enzyme for MoaD, catalyzes MoaD adenylation, but not MoeB~MoaD thiol ester formation [3, 7] .
Crystal structures of several MoeB/MoaD complexes, including one with MoaD in the adenylate form, indicate that the mechanism of this first step in Ubl activation is highly conserved [7] . Key catalytic residues revealed in the structure of the adenylate complex, including an aspartate that binds the ATP-coordinated magnesium ion and three basic residues that provide electrostatic stabilization to the departing pyrophosphate product, are conserved in E1 enzymes from E. coli to humans. The C-terminus of MoaD is seen in an extended conformation that permits it to insert into a pocket in MoeB and approach the a-phosphate of bound MgATP. A similarly extended C-terminal conformation is seen in the complex of Nedd8 with its cognate E1 (see below). In higher E1 enzymes, the active site cysteine must subsequently insert into this site to attack the adenylated Ubl (see below). The MoaD/MoeB complex is an (ah) 2 heterotetramer; unexpectedly, one of the catalytic arginines in each active site is contributed by the other MoeB subunit. This residue is conserved in eukaryotic E1s, where it originates either in a different subunit (Nedd8 and Sumo E1s) or in a distant region of the linear sequence of the same subunit (ubiquitin E1) [7, 28] .
However, eukaryotic E1s also have unique mechanistic features. The catalysis of thiol ester formation probably requires electrostatic stabilization of the initial oxyanion intermediate, but it is unlikely that any of the catalytic residues seen in the MoeB/MoaD structure performs this role. Furthermore, most higher E1 enzymes bind two molecules of activated Ubl-one as an adenylate and the other as a thiol ester-suggesting that their Ubl binding sites are more complex than the MoaD binding site in MoeB. Also, in contrast to MoeB, which binds MoaD tightly in the absence of ATP [7] , the ubiquitin E1 has little affinity for ubiquitin unless MgATP is bound (see Refs. [29, 30] ). Interestingly, the MoeB/MoaD studies provide a hint of ATP-dependent changes in the orientation of certain active site residues, including the arginine residue discussed above. Finally, the MoaD/MoeB interface is hydrophobic in character [7] , whereas two arginine residues on the surface of ubiquitin critically influence recognition by the ubiquitin E1 [31] . Such specific side chain interactions aid in the discrimination by E1s between highly similar Ubls such as ubiquitin and Nedd8. This is important because downstream conjugating factors may lack the capacity to discriminate between different Ubls [32] .
Structural studies of APPBP1/Uba3, the heterodimeric E1 for Nedd8, confirm many of these predictions but also hold some surprises. The structure of the unliganded enzyme showed that the adenylate site is indeed very similar to that of MoeB, with conservation of the aspartate and arginine residues discussed above [28] . Several other active site residues are also positioned similarly in both E1s, confirming a conserved mechanism of adenylate formation.
However, Nedd8 interactions with APPBP1/Uba3 are different in character from MoeB/MoaD interactions. The Nedd8 E1 has one ATP binding site per heterodimer. It sits at the base of a long groove whose walls are formed by a domain harboring the catalytic cysteine residue on one side, and a ubiquitin-fold region on the other side (below). The crystal structure of an APPBP1/Uba3/Nedd8/ATP complex shows that Nedd8 binds in this groove with its C-terminal residues in an extended conformation such that the chain passes under a loop of the E1, placing G76 in close proximity to the a-phosphate of ATP [33] . Besides its Cterminus, two other regions of Nedd8 contact the E1 heterodimer: a negatively charged surface of Nedd8's ahelix and a hydrophobic surface on the opposite side of the Nedd8 molecule. Both of these Nedd8 surfaces are highly conserved in ubiquitin, and the APPBP1/Uba3 surfaces that interact with them are conserved in the ubiquitin E1. The specificity of APPBP1/Uba3 for Nedd8 versus ubiquitin therefore reflects interactions with the Nedd8 C-terminus. Nedd8-A72 is a key specificity-determining residue [32] . Although the APPBP1/Uba3 site that interacts with this side chain is largely hydrophobic, discrimination against ubiquitin is mainly due to Uba3-R190, which is positioned at the bottom of the A72 binding pocket. When ubiquitin is modeled into the APPBP1/Uba3/Nedd8 complex in place of Nedd8, ubiquitin-R72 has steric and electrostatic clashes with Uba3-R190. These problems should be alleviated if Uba3-R190 is changed to Q190, as occurs in the ubiquitin E1. Mutational studies confirm these predictions [33] . Therefore, conserved favorable Ubl/E1 interactions provide affinity, while avoidance of unfavorable interactions is a principal basis for specificity.
The catalytic cysteine is~35 2 away from Nedd8-G76 in the APPBP1/Uba3/Nedd8 complex, indicating that conformational movements of the enzyme and/or Nedd8 accompany thiol ester formation. In the case of ubiquitin, the ultimate product of the activation reaction is a ternary complex containing two molecules of Ubl (above). Although the active site groove of the Nedd8 E1 has enough space to contain two molecules of Nedd8 [28] , there is no obvious specific binding site for a second Nedd8. Possibly the second site is cryptic, forming only upon covalent reaction.
A surprising feature of Uba3 is the presence of a domain at its C-terminus that displays a ubiquitin-like fold. The sequence of this region is poorly conserved among eukaryotic E1s, suggesting that it could play a role in Ubl-specific interactions. Although it was suggested that this region helps to recruit the E2 (Ubc12 in this case) to the E1~Nedd8 thiol ester [28] , the lack of sequence similarity between Uba3's bubiquitin-like domainQ and Nedd8 is confounding to this model, while functional studies yielded inconclusive results [28] . Still, it is hard to imagine that this domain is not a Nedd8 mimic. Perhaps movement of this domain is coupled to thiol ester formation, with the E1-linked Nedd8 partially displacing the UbL domain. This could create more room, and perhaps an interaction surface [34] , for a second Nedd8 in the active site groove. It might also allow the UbL domain to be more efficiently displayed for purposes of E2 recruitment.
Conjugating enzymes (E2s)
The next step in the conjugating cascade is transfer of the Ubl from the E1 cysteine residue to an E2 cysteine ( Fig.  2A ). Nedd8 and Sumo are each passed to a single E2 enzyme (Ubc12 and Ubc9, respectively), but there is a large family of E2s dedicated to ubiquitin, comprising 11 enzymes in S. cerevisiae and many more in higher organisms ( Fig. 2B and Ref. [29] ). Individual ubiquitin E2s dictate specific biological functions of this Ubl because the specificity of the E2/E3 interaction limits the final destinations (substrates) of the ubiquitin carried by a given E2 [18, 29] .
The large size of the E2 family is often rationalized based on the large number of E3 enzymes, in turn reflecting the large number of substrates. But why do E2s need to exist at all? Why is it that E3s do not acquire ubiquitin directly from E1? At least two possible explanations can be developed, both related to regulatory potential. First, if a given E3 functions mainly with one E2, then the E2 step provides an additional point for regulating the tagging of that E3's substrates, for example by changing E2 activity or concentration [35, 36] . Second, having many E2s may further diversify the specificity of ubiquitination. In this model, the identity of the E2 could modulate either target protein selection or the structure of the ubiquitin modification.
Substrates whose ubiquitination involves multiple E2s might exemplify the second strategy. The degradation of the yeast MATa2 transcriptional repressor depends on four different E2s, including Ubc6 and Ubc7 [37] . Although this is an extreme case, the ubiquitination of many substrates targeted by endoplasmic reticulum (ER)-localized E3s requires both Ubc6 and Ubc7, which localize to the ER and associate with one another [37, 38] . (MATa2 is targeted by such an E3 [39] .) An attractive model to explain why the ubiquitination of certain substrates requires multiple E3s derives from studies of the DNA polymerase processivity factor known as PCNA. The modification of this substrate with a polyubiquitin chain proceeds in two discrete steps: one E3/E2 complex ligates the first ubiquitin, which then serves as the substrate for chain elongation catalyzed by a (different) E3/E2/UEV complex [21] . (The UEV is a specialized conjugating factor, see below.) Perhaps the initiation and elongation phases of polyubiquitin chain synthesis sometimes involve a single E3 acting with distinct E2s. Biochemical studies have shown that the identity of the E2 can influence the structure of a polymeric ubiquitin modification [40] .
All E2s, whether dedicated to ubiquitin or other modifiers, share a conserved globular domain of~150 residues ( Fig. 3 ; see Refs. [29, 41] ). Some E2s also have Nor C-terminal extensions, which may regulate E3 association, intrinsic E2 activity, or substrate recognition (see Ref. [29] ). The E2 active site cysteine, which is positioned within a highly conserved sequence, sits in a shallow cleft on the protein surface. Noncovalent E2/Ubl binding affinities are usually low, highlighting the important role that the E1 plays in bringing the E2 together with the appropriate Ubl protein [29, 30] .
The lability of E2~Ubl thiol esters has hindered investigation of the molecular mechanisms used by E2s to facilitate ubiquitin conjugation. However, an NMR analysis of chemical shift perturbations during yeast Ubc1~Ub thiol ester formation successfully defined the E2/ubiquitin interface [42] . It includes the C-terminus of ubiquitin (residues 71 through 76) and certain E2 residues proximal to the active site cysteine (Fig. 3E) . The results suggest that the Cterminus of ubiquitin adopts a partially extended conformation that wraps around part of the E2 surface, occupying a cleft formed by specific E2 residues. Importantly, the ubiquitin interface on the E2 does not overlap the site where E3 enzymes are expected to bind (Fig. 3E versus F and G). These conclusions agree well with earlier inferences derived from mutational and solution structural studies [42, 43] . The high conservation of the E2 core domain suggests that this model will be broadly applicable.
The crystal structures of two E2/E3 complexes have greatly aided in understanding how E3s select their cognate E2s [44, 45] . The structures suggest that most E2s contact their cognate E3s through side chains at the C-terminal end of E2 helix 1, the loop connecting h-strands 1 and 2, and the distal end of the active site loop ( Fig. 3F and G [29, 44, 45] ). This information provides a rational basis for identifying the cognate E2 of a given E3, and can suggest how to block the formation of specific E2/E3 complexes (for example, Refs. [46, 47] ). Some E2/E3 complexes have additional specialized interactions, which may involve E2 terminal extensions (for example, Refs. [48, 49] ).
Where does the E1 contact the E2? A mutational analysis of Ubc9 suggests that the association of free Ubc9 with the free Sumo E1 is mediated by the C-terminal end of Ubc9 helix 1 and the loop between h-strands 1 and 2 ( Fig. 3D  [50] ). The loop contains an insertion that is unique to Ubc9 and several of the residues in the helix are poorly conserved in other E2s, suggesting a potential basis for ensuring that a given Ubl protein is channeled to appropriate downstream conjugating factors. It remains to be confirmed that this interface applies to other E1/E2 pairs, but if it does, then there could be a partial overlap of the E1 and E3 binding surfaces of the E2 [50] (Fig. 3D versus F and G) . If this overlap is extensive, then recharging of the E2 may require its release from the E3. In the case of ubiquitin, where multiple rounds of modification are common, this could limit the processivity of substrate conjugation.
As discussed above, we know something about the shadows that are cast by E1, E3s, and (covalently bound) ubiquitin on the E2 surface. How do substrates approach the E2 active site? To date, two studies have shed light on this point. One significant advance is the structure of Ubc9 complexed with RanGAP1 [51] . The sumoylation of this substrate regulates nucleocytoplasmic transport in higher organisms [23] . Unlike ubiquitination, sumoylation is sitespecific, usually occurring at a lysine in the motif AKXD/E, where A is a hydrophobic residue and X is any amino acid. The structure nicely explains this specificity-residues of Ubc9 are seen interacting with each of the RanGAP1 residues in the consensus motif (Fig. 3B) , placing the lysine within striking distance (3.5 2) of the Ubc9 active site cysteine. These interactions are known to contribute significantly to the Ubc9/RanGAP1 binding affinity [52] and should apply in all sumoylation reactions involving a consensus site, as suggested by biochemical studies with two other substrates [51] . There is also a second region of mainly hydrophobic contact between RanGAP1 and Ubc9, accounting for two-thirds of the total interaction surface on Ubc9 [51] . Mutational analyses suggest that this surface is unique to RanGAP1 versus other Ubc9 substrates. Ran-GAP1 is by far the most efficient Ubc9 substrate known; the existence of a specialized RanGAP1 binding site on Ubc9 can explain this property.
The second study produced a model rather than a structure. Ubiquitin E2 Variant (UEV) proteins resemble E2s but lack the active site cysteine residue. Heterodimeric E2/UEV complexes act as specialized E2s in reactions [55] ); (B) sumoylation site residues (green [51] ); (C) acceptor ubiquitin interface in K63-polyubiquitin chain synthesis (teal [55] ); (D) E1 (pink [50] ); (E) covalently bound ubiquitin (red [42] ); (F) RING domain (purple [45] ); (G) RING domain (purple) and HECT domain (orange), with overlap in lime [44, 45] . Except in panel D, which shows Ubc9, the indicated interfaces have been mapped onto Ubc13 [55] . The models shown in panels E-G were rotated by 1808 about the vertical relative to the models in panels A-D. All surface diagrams were generated by PyMOL [142] .
where substrates are modified by polyubiquitin chains linked through Ub-K63 [53] [54] [55] [56] . In contrast to K48-linked polyubiquitin chains, which target substrates to 26S proteasomes for degradation, K63-linked chains are nonproteolytic signals, most notably in DNA damage tolerance and protein kinase activation (see Ref. [22] ). The structural model shows the Ubc13/Mms2 (E2/UEV) complex bound to two ubiquitins. One of them (the donor) is covalently linked to Ubc13; the other (the acceptor) is noncovalently associated with Ubc13/Mms2. The acceptor ubiquitin is poised to insert its K63 side chain into the Ubc13 active site to produce a diubiquitin conjugate [55] . The structural model suggests that the E2/UEV complex selects Ub-K63 as the site of conjugation through a steric exclusion mechanism. Specifically, interactions with substrate surfaces (ubiquitin is the substrate in this reaction) that are distant from K63 result in the selective presentation of this residue to the active site [55, 57] . A recent NMR analysis produced a model for the complex of hUbc13/hMms2 bound to a covalent donor ubiquitin and a noncovalently associated acceptor ubiquitin [58] that agrees well with the model proposed previously [55] . This mechanism contrasts with the Ubc9/RanGAP1 example, in which Ubc9 interacts directly with substrate residues near the modification site. Thus, even though the Mms2/Ubc13/Ub example lacks atomic detail, Ub-K63 seems likely to approach the Ubc13 active site by a different route from the one used by the reactive lysine of RanGAP1 to reach the Ubc9 active site ( Fig. 3B and C) .
One problem in trying to generalize from these results is that both of the above-described conjugation reactions are site-specific-something that is not characteristic of ubiquitin conjugation unless the substrate is ubiquitin itself. Still, the results tend to suggest that there is more than one pathway by which a lysine residue can approach the E2 active site. However, the two examples also share an important property: interactions with regions of the substrate that are distant from its modification site contribute importantly to binding. This property is probably even more relevant in E3s (see below).
What about chemistry? From the point of view of catalysis, the active site landscape seen in the many crystal structures of unliganded E2 enzymes is rather featureless. The E2 has two jobs in the conjugation cascade: to accept the Ubl protein from the E1 enzyme and to pass it to a downstream protein-either an E3 enzyme or the substrate itself (see next section). The transfer of an acyl group (the Ubl protein) between thiols, or from a thiol to an amine, is expected to depend on an boxyanion holeQ that can stabilize the charged intermediate formed during attack of the thiol/ amino group ( Fig. 2C ; see Refs. [59] [60] [61] ). A general base may also be needed to deprotonate the attacking group [60, 61] . The base would be most important when the attacking group is lysine, with its high pK a .
There are several ways to reconcile these expectations with the apparent dearth of catalytic groups in the E2 active site. First, the general base and/or oxyanion site may simply be absent. A primitive catalytic apparatus could explain the inefficient rates that usually apply when E2s and E2/E3 complexes are assayed in vitro. Second, the active site of the upstream (E1) or downstream (E3) enzyme could provide catalytic elements. Although this explanation is attractive for E1 and certain E3s, it seems unlikely to apply with other E3s, as discussed below. Third, oxyanion holes are often formed from main chain nitrogens [59] ; this type of site can be hard to detect biochemically. Finally, the E2 (or E3) active site could contain cryptic groups that adopt a catalytic configuration only after substrate or ubiquitin has bound. Studies with ubiquitin deconjugating enzymes provide precedent for this model. Ubiquitin binding to Hausp, for example, alters the positions of a histidine (general base) and an asparagine (oxyanion hole) so that these side chains become catalytically competent [62] . Indeed, recent studies from our laboratories suggest that a strictly conserved E2 asparagine residue is part of a cryptic oxyanion site [63] .
Ligases (E3s)
The most remarkable feature of the ubiquitin conjugation pathway is the extraordinary diversity of its substrates. This feature, which explains the breadth of ubiquitin's biological functions, is a direct reflection of the large number of E3 enzymes [18] . Just as there are numerous kinases, each with limited suite of substrates, so too are there many E3s, each with a finite set of substrates (Fig. 2B) . In both cases, the pairing of specific enzymes with cognate substrates allows for exquisite specificity in regulating substrate modification.
The paradigm of multiple substrate-specific E3s may not apply to other protein modification pathways. So far, only ISG15 and Sumo appear to resemble ubiquitin in being conjugated to a diverse array of substrates [23, 64] . Not much is known yet about the mechanics of ISG15 conjugation, but several Sumo-dedicated E3s have recently been discovered (Refs. [23, 65] ; see also article by Johnson). The recognition of Sumo substrates is not strictly E3-dependent [23] , possibly because of the extensive contacts that Ubc9 makes with residues in the sumoylation site (see above). In contrast, substrate modification by ubiquitin is usually strictly E3-dependent [18] .
E3s were originally proposed as bridging factors that bring the E2 and substrate together [66] . This has turned out to be a pretty accurate characterization (see below). Increasingly, E3s can also be defined on a bioinformatic basis. Thus, the known ubiquitin E3s belong to just three protein families: Homologous to E6AP Carboxy Terminus (HECT), Really Interesting New Gene (RING), and UFD2 homology (U-box) proteins. Database mining indicates that the HECT and U-box families, although significant in size, are much smaller than the RING family. Depending on whether all RING proteins are actually E3s, the total number of E3s in higher organisms could range from several hundred to well over a thousand-in either case, a large number. Moreover, new E3 subfamilies are still being defined [67] .
Generating hundreds of E3s from just three protein domains is made possible by the modular construction of E3 enzymes. The HECT, RING, and U-box domains share a common biochemical property of E2 binding. In a given E3, this E2-interacting domain is grafted onto a different domain(s) that is specialized to interact with substrates of that E3 (see Fig. 4 ). The two domains can be part of the same polypeptide chain, or the substrate-and E2-binding domains can be distinct subunits of a multi-protein complex. Because E3 enzymes have been the subject of several recent reviews [29, 41, 68] , the following sections provide only concise background information before proceeding to discuss selected recent advances. The article by Deshaies in this issue provides an in-depth treatment of one class of RING E3s, known as SCF E3s.
RING E3s
The RING domain consists of a short motif rich in cysteine and histidine residues, which coordinate two zinc ions [69] . The spacing of these residues is conserved, but the primary sequence conservation among RING domains is limited. The distinctive cross-brace arrangement of the zincinteracting residues endows the RING domain with a globular conformation, characterized by a central a-helix and variable-length loops separated by several small hstrands (Fig. 5A ). Many RING domains have been shown to directly bind E2s (for example, Refs. [70] [71] [72] [73] [74] ) and there is persuasive evidence that E2/RING interactions are important for the biological functions of RING domain E3s (see Refs. [29, 68, 75] and below). RING E3s best epitomize the original E3 mechanistic model (Fig. 4A) . These enzymes come in two flavors, single-subunit and multi-subunit, but much of the following discussion applies to both families. The crystal structure of a c-Cbl/UbcH7 complex [44] shows that the E2 interacts with the RING through the packing of hydrophobic residues from the E2 (see above) into a shallow groove on the RING surface. There are also peripheral electrostatic contacts. It remains uncertain how much these individual contacts contribute to affinity and specificity in RING/E2 interactions.
The most surprising feature of this structure was its revelation that no RING domain side chain comes closer than~15 2 to the E2 active site cysteine [45] . Based on this and other structures [73, 76] , it is believed that RING E3s practice bcatalysis by proximity.Q In other words, the principal role of a RING domain E3 is to increase the probability of reaction by bringing together the substrate lysine and the E2~Ub intermediate (see Ref. [41] ). What is puzzling is that even if the E2~Ub intermediate comes equipped with a minimal catalytic apparatus [63] , there is no evidence for specific interactions that can rigidly fix the substrate lysine residue in a favorable orientation for reaction. In fact, there is evidence against this type of specific interaction: despite a few counter-examples [77, 78] , most substrates appear capable of being modified on several or even many lysines (see Refs. [29, 79] ). And in contrast to sumoylation, there is no consensus site for ubiquitination.
Recent studies with BRCA1 suggest that RING E3s might also employ more subtle mechanisms of catalysis. The N-terminus of BRCA1, which contains a RING domain, is a hotspot for mutations that predispose to breast cancer. At least six such mutations involve zinc-binding cysteines in the RING domain, indicating that BRCA1's E3 activity is relevant to its role as a tumor suppressor, although the relevant substrates remain to be identified (see Refs. [80, 81] ). BRCA1 forms a heterodimeric complex with another RING domain protein, BARD1. This association is required for robust ligase activity [81] even though the BRCA1/BARD1 interface does not include a significant contribution from either RING domain [80] . Mutations that abrogate the BRCA1/BARD1 interaction [82] instead map to regions of each protein that associate in a four-helix bundle [80] . Theoretically, this arrangement leaves each RING domain free to bind an E2, but in fact the E2 UbcH5c associates exclusively with the RING domain of BRCA1 [74] . The UbcH5c binding interface on BRCA1, while encompassing the hydrophobic groove seen in the c-Cbl/ UbcH7 structure, also includes several more distant contacts with the BRCA1 helical domain [74] . That these contacts play a significant role in ubiquitin conjugation is suggested by comparative studies with a different E2, UbcH7, which binds well to BRCA1/BARD but does not enjoy the noncanonical contacts, and does not support conjugation [74] .
A large subset of RING E3s differs from the family members discussed above by virtue of their complex structures. Most of these enzymes feature a common RING domain subunit, Rbx1 (also known as Roc1 or Hrt1), which functions in E2 recruitment (see Refs. [68, 75] and article by Deshaies) . A member of the cullin protein family serves as a scaffold that binds Rbx1; the cullin/Rbx1/E2 subassembly possesses a core ligase activity that is manifested in E2 or cullin autoubiquitination or the assembly of free polyubiquitin chains [72, 83, 84] . This activity is directed toward a specific substrate through the properties of a specificity subunit that (usually) binds to the cullin via one or more adaptor proteins (Fig. 4A) . The cullin family comprises several members, most of which are already known to serve as the organizing subunits for subfamilies of multi-subunit RING E3s [67] .
Cul1/Cdc53 is the scaffold of the SCF E3s, which recognize their substrates through an Fbox protein (so called because of the Fbox motif, which interacts with the adaptor). There are 38 Fbox proteins in humans, suggestive of a large set of SCF E3s (see Ref. [73] ). Known SCF E3s feature prominently in regulation of the G1/S cell cycle transition [68] . Cul2 is the scaffold of an E3 whose specificity subunit binds through different adaptors (discussed below). Cul3 is the scaffold of a large E3 family whose specificity subunits bind directly to the cullin [67] . The anaphase promoting complex (APC) is a complex multi-subunit E3 that plays a pivotal role in the regulation of mitosis [85] . Two of its subunits, APC2 and APC11, are distant members of the cullin and RING domain families, respectively (see Refs. [68, 73] ).
The multi-subunit RING E3s provide a spectacular example of how specificity in ubiquitin conjugation is diversified through combinatorial mechanisms (see Ref. [68] and article by Deshaies). One can easily envision the SCF E3 specificity being regulated through the exchange of subunits in response to intracelluar needs. Indeed, certain substrate-binding subunits are autologous substrates, suggesting that the boldQ specificity subunit is degraded in order to effect efficient recruitment of the new one (see Ref. [29] ).
The molecular mechanisms used by multi-subunit RING E3s to facilitate ubiquitin conjugation remain mysterious. The same issues apply as with the single-subunit RING E3s (above), but with additional complications introduced by the scale of these protein machines. The crystal structure of the SCF Skp2 complex exemplifies the problems [73] . It shows that Cul1 adopts a highly extended (110 2 long), rigid conformation that includes three repeats of a novel folding unit. Rbx1 binds at one end of Cul1, while the adaptor subunit Skp1 binds at the other end. The specificity subunit Skp2 is also elongated [86] . It binds to Skp1/Cul1 so that the free end of Skp2 points toward the Rbx1-bound E2. A 50-2 gap separating Skp2 and the E2, which is also predicted from a different Skp1/Fbox structure [76] , is presumably occupied by the bound substrate. The SCF Skp2 structure reveals that Rbx1 engages in an intimate, intermolecular h-sheet interaction with Cul1. Relative to canonical RING domain E3s, Rbx1 has an insertion that coordinates an extra zinc, but unlike the canonical sites, it is dispensable for catalytic activity [73] . The same is true of APC11 [87] .
The cullin-based E3s are subject to a novel mode of regulation by a different UbL-the modification of a specific cullin lysine residue by Nedd8 is necessary in order for these E3s to display optimal activity (see Refs. [29, 68] ). What neddylation does to achieve this effect is not fully understood; it may stimulate E2~Ub binding to Rbx1 [88] . Consistent with this model, the SCF Skp2 structure shows that the Nedd8 conjugation site is favorably positioned to influence the properties of the Rbx1/E2 complex [73] . Although Nedd8 has its own E1 and E2, there is no known Nedd8-specific E3. Therefore, neddylation may represent a specialized auto-modification reaction of cullin-based E3s [89, 90] .
In the SCF E3s, the proposed job of the Cul1 scaffold is to create a rigid separation between the substrate bound to the Fbox subunit and the E2~Ub intermediate bound to Rbx1 [73] . Consistent with this model, introducing a flexible linker into the center of Cul1 inhibits the ligase activity of SCF Skp2 without affecting substrate (p27) binding [73] . It was suggested that the rigid architecture helps to display a substrate lysine residue in a conformation appropriate for reaction with the E2~Ub intermediate. In principle, rigidity could be an important element of a proximity-based mode of catalysis. In practice, a rigid orientation should depend on interactions with residues surrounding the conjugation site, which appear to be absent in most cases (see above). The model that rigidity is important for SCF E3 function contrasts with the conclusion of recent structural studies of a HECT E3 [91] . In this case, flexibility was deemed to be important (see below).
A small group of E3s was previously suggested to be defined by the presence of a PHD domain ( Plant HomeoDomain). PHD domains resemble RING domains in that folding relies on the coordination of two zinc ions in a cross-brace arrangement [92, 93] . The RING and PHD domains differ in the details of metal ligands and core residue packing, but the defining zinc atoms of each domain are positioned an identical 14 2 apart and the overall conformations of the two domains are quite similar (Fig.  5A, B) . However, recent bioinformatic studies suggested that the bPHDQ E3s are actually RING E3s [94] . Whether these domains in known E3s are specialized PHD domains or RING domains is still being debated.
Among the proteins containing this domain are the herpesvirus MIR1/2 (Modulator of Immune Recognition) proteins, which conjugate ubiquitin to host cell MHC class I molecules, leading to endocytosis and degradation in lysosomes [95, 96] . Ubiquitin conjugation and MHC class I down-regulation is an important tool used by viruses to evade host defenses [97] . If indeed the E2 binding domain is a PHD, then both activities require an intact PHD, suggesting that this domain acts to recruit an E2~Ub intermediate. Interestingly, substrate binding by MIR2 relies on an interaction of transmembrane regions of the MIR and class I molecules [95, 96, 98] .
In another striking example, the MEKK1 kinase, which harbors this domain near its N-terminus, conjugates ubiquitin to the ERK1/2 MAP kinases, leading to ERK1/2 degradation by 26S proteasomes [99] . The destructive outcome of this MEKK1/ERK encounter, which is important for stress-induced apoptosis, contrasts with the ERK activation that ensues following a conventional (kinase) interaction of these molecules [99] . This example is particularly interesting given how frequently PHDs occur in conjunction with other functional domains. The PHD family has several hundred members. Many of these proteins have been implicated in transcriptional regulation, and mutations in PHD proteins are observed in a number of human diseases (see Refs. [92, 93, 97] ). These relationships gain added interest because of recent advances in our understanding of how ubiquitin conjugation regulates transcription (see Refs. [100, 101] ).
U-box E3s
An E2-binding domain called the U-box defines a relatively small family of E3s. The U-box was first identified in yeast Ufd2 [102] . Ufd2 is unusual-studies to date suggest that it lacks its own substrate and instead promotes the polyubiquitination of another E3's substrate. This property caused Ufd2 to be classified as an bE4Q [102] . At least one other U-box protein, C-terminus of Hsc70 Interacting Protein (CHIP), also displays E4-like activity [103] . However, CHIP can also behave as a conventional E3. The E3/E4 boundary is somewhat blurry. For example, Rad5 (a RING E3) seems to recognize as its bsubstrateQ a ubiquitin that has been linked to a target protein by another E3 [21] . Although Rad5 is considered to be an E3, some of its properties are rather E4-like.
The first hint that U-box proteins might act as conventional E3s came from bioinformatics. Aravind and Koonin [104] predicted that the U-box would adopt a RING domain-like conformation in which electrostatic interactions, rather than metal binding, provide the organizing principle. In turn this suggested that the U-box would bind E2s and facilitate ubiquitin conjugation. Experimental confirmation soon followed. In these studies, several Ubox proteins were found to interact directly with E2s and to be subject to autoubiquitination [105] [106] [107] [108] .
Prp19 is a yeast pre-mRNA splicing factor with an Nterminal U-box that is important for biological activity [109] . The recently reported solution structure of the Prp19 U-box is remarkably similar to the structure of the RING domain [110] . Both domains feature a central a-helix and several small h-strands that are separated by variable loops; the main secondary structural elements are almost superimposable ( Fig. 5A and C) . In fact, the structure of the Prp19 U-box resembles the structures of several RING domains as closely as the latter structures resemble one another [110] .
How is the U-box stabilized? The structure shows a pronounced hydrophobic core, along with two binternal interaction centersQ comprising multiple, dynamic hydrogen bonds and salt bridges [110] . The characters of the residues involved in these interactions are largely conserved among different U-box proteins, and their spacing is similar to that of the zinc-coordinating residues of the RING domain. Because of this conserved spacing, the principal interactions that stabilize the U-box and RING domains occur in the same spatial locations [110] , as predicted by the original bioinformatic analysis [104] . Moreover, just as the mutation of a zinc-coordinating residue leads to RING domain unfolding, so also does the disruption of a key electrostatic interaction cause U-box unfolding [110] .
As in the RING domain, the folding of the U-box creates a shallow groove on one face of the domain that is largely hydrophobic in character [110] . Some of the residues in this groove have been mutated in U-box E3s, and this has been found to abolish ligase activity [105] even though the mutations do not destabilize the domain's overall conformation [110] . On the other hand, the prp19-1 mutation, which changes a valine residue in the hydrophobic core to isoleucine, causes a complete loss of folding in vitro [110] and inhibition of pre-mRNA splicing in vivo [109] . Thus, proper conformation of the Prp19 U-box is vital for premRNA splicing. These results suggest that Prp19 regulates splicing through a mechanism involving ubiquitin conjugation. Consistent with this model, the Prp19 U-box displays an in vitro autoubiquitination activity that is dependent on U-box integrity [110] . The physiological substrates of Prp19 remain to be identified.
The best-studied member of the U-box E3 family is CHIP. Many of CHIP's known substrates are misfolded proteins whose recognition is dependent on the association of CHIP with the Hsc70 or Hsp90 chaperones (see Ref. [111] ). CHIP substrates that conform to this paradigm include the cystic fibrosis transmembrane receptor [112] , the glucocorticoid receptor [113] , and tau [114, 115] . In these targeting events, the chaperone appears to serve as a specificity factor that recognizes the (unfolded) protein substrate. By relegating recognition to a chaperone, CHIP can target diverse proteins that resemble one another only by virtue of their unfolded states. This is one of several mechanisms by which damaged or misfolded proteins are selectively targeted for degradation by proteasomes (see Refs. [38, 111] ).
HECT E3s
RING, PHD, and U-box E3s all facilitate ubiquitin conjugation by acting as bridging factors. The HECT E3s employ a mechanism that is unique among E3s, but similar to many other ubiquitin-handling enzymes-they form a thiol ester intermediate with ubiquitin [116] . In HECT E3-dependent reactions, the E3 cysteine, not the E2 cysteine, is the last stop for activated ubiquitin (Fig. 4B) .
E6 Associated Protein (E6AP) is the founding member of the HECT E3 family. E6AP is (in)famous because it acquires, upon binding of the E6 protein of an oncogenic human papillomavirus, the ability to bind and ubiquitinate the host cell p53 protein, resulting in p53 degradation, viral DNA replication, and attendant deleterious consequences for the host cell [117] . E6AP also recognizes a number of substrates in normal cells (see Ref. [29] ) and the E6AP locus is mutated in a human disease known as Angelman syndrome (see Ref. [44] ). HECT E3s are defined by the presence of a region of~350 amino acids that is homologous to the C-terminus of E6AP [118] .
The N-terminus of E6AP mediates substrate recognition, while its HECT domain binds the E2~Ub intermediate and accepts ubiquitin at a conserved cysteine residue (see Ref. [29] ). The crystal structure of the E6AP-HECT/UbcH7 complex showed that the HECT domain is L-shaped, with the active site positioned near the bend in the L [44] . The area around the active site is a hotspot for mutations that cause Angelman syndrome, indicating that loss of E3 activity is relevant in the disease. Although the active site lacks well-positioned candidates for the anticipated general base and oxyanion hole, there are a number of suitable side chains that are not too far away. It is therefore possible that a more competent active site is organized once ubiquitin (or substrate) is bound. The E2-binding site is at the end of the base of the L. Even though there is no structural similarity between the HECT and RING domains, both domains bind the E2 in a similar way-residues at the C-terminal end of the first E2 helix and in the loops between two E2 h-strands make hydrophobic and electrostatic contacts with the E3 surface ( Fig. 3F and G [44, 45, 73] ).
A startling feature of this structure is that the E2 and E3 cysteines are separated by a whopping 41 2. The inference that catalytic ubiquitin transfer involves large-scale conformational transitions is confirmed in the recent crystal structure of the HECT domain of another family member, WWP1 [91] . Here the HECT domain is folded into an inverted T shape rather than an L shape. Consequently, the HECT cysteine and the (modeled) E2 cysteine are only 16 2 apart. Modeling shows that the two HECT structures can be interconverted by rotation and translation about a threeresidue hinge-loop region positioned near the bend of the L in the E6AP-HECT structure. Continuing along this trajectory, a conformation is reached in which the E2 and HECT cysteines are only 5 2 apart. Functional studies support the idea that these modeled conformational transitions are biologically relevant. Deleting the hinge-loop residues, or mutating them in a manner that should reduce their rotational freedom, inhibits WWP1-HECT-catalyzed autoubiquitination, while a four-residue insertion into the hinge-loop region is well tolerated [91] .
Results obtained with the WWP1-HECT domain suggest that flexible movements of different HECT subdomains are important for catalysis. This contrasts strongly with SCF Skp2 , where a similar experimental strategy (changing the flexibility of a linker) led to the conclusion that rigidity is paramount [73] . This qualitative difference between the RING and HECT families seems likely to reflect their fundamentally different mechanisms. One can speculate that the HECT active site has elements that carry out conventional chemical catalysis (above). The advantage could be spectacular: in the serine protease family, the combined rate enhancement attributable to the general base and oxyanion hole is about 10 9 -fold [61] . It appears unlikely that E2s have this kind of complete active site (above). Thus, it is attractive to think that RING E3s overcome the attendant disadvantage by rigidly fixing the lysine and the E2~Ub intermediate in a favorable orientation [73] . The missing link in this model, as discussed above, is a site on the E2 or RING that interacts with the environs of the substrate lysine residue so as to immobilize it.
If the HECT and E2 cysteines can approach within 5 2 of each other, then why are they so far apart in both HECT structures? Verdecia and co-workers propose a model that explains the need for a varying HECT-E2 distance and, at the same time, addresses a long-standing problem in ubiquitin conjugation. Many, perhaps most, E3s modify their substrates with polyubiquitin chains. Exactly how this happens is poorly understood. Does the E3 add ubiquitins one at a time? The problem with this mechanism is that the E3 has to change its specificity after the first transfer, so that ubiquitin (versus substrate) is recognized. Is there a change from a substrate-to a ubiquitin-recognizing E3 after the first transfer? This model may apply in certain cases (above [21] ). Or is the chain built up on the E2 or E3, and then transferred in an already-assembled state to the substrate? This last mechanism demands two sites where the activated ubiquitin (chain) can reside during its assembly, so RING E3s cannot employ it unless they have two E2 binding sites. However, there are two sites for activated ubiquitin binding in HECT E3/E2 complexes.
The specific model [91] postulates that the first or proximal ubiquitin of the chain (the one whose C-terminus will ultimately be linked to the substrate lysine residue) remains bound to the HECT cysteine through successive rounds of ubiquitin transfer from the E2~Ub intermediate. Thus, the distal terminus of the growing chain will gradually approach the bound E2, and the optimal HECT-E2 distance will increase as the chain grows. At some point, steric impediments will slow the chain elongation rate and favor capture of the chain by a substrate lysine residue. This attractive model makes several predictions, which have yet to be tested.
Molecular basis of substrate specificity in protein modification reactions
Substrate recognition is the purview of the E3 enzyme. The substrate-interacting domain, which is distinct from the E2-binding domain, recognizes a specific sequence or structural element (a ubiquitination signal) in the cognate substrate (Fig. 4) . The E3-substrate interaction is often regulated, frequently through covalent modification of the substrate. Modifications that are known to modulate the recognition of substrates by their cognate E3s include phosphorylation (especially in cell cycle regulation), glycosylation, acetylation, and hydroxylation (see Refs. [68, [119] [120] [121] [122] [123] ). The underlying principles of substrate recognition are well established and have been reviewed previously [66, 68, 124] , although new examples are discovered on a regular basis. What was missing until recently was a view of an E3/signal interface at atomic resolution. Three recent structures reveal the molecular interactions of authentic E3s with their cognate substrates. In two cases, the substrate must be covalently modified in order to be recognized.
VHL/HIF-1a interaction
Von Hippel Lindau/Elongin B/Elongin C (VBC) is a Cul2-based E3 whose specificity subunit, VHL, is mutated in the Von Hippel Lindau hereditary cancer syndrome ( [125] ; Fig. 4A ). Elongins B and C are adaptors that link VHL to Cul2. The RING domain subunit is Rbx1. Members of the Hypoxia Inducible Factor (HIF) family of transcription factors are cancer-relevant substrates of the VCB E3 [126] . The recognition of these substrates is oxygenregulated: HIF-1a is rapidly ubiquitinated and degraded in normoxic conditions, but it is refractory to ubiquitination in hypoxic conditions. HIF-1a stabilization (i.e., hypoxia) leads to the induction of genes that regulate angiogenesis and glucose metabolism [125] .
Oxygen regulates HIF-1a stability through the enzymatic hydroxylation of a specific proline residue, which makes HIF-1a recognizable by VHL [120, 121, 127, 128] . Recently, lysine acetylation was identified as a further mechanism that regulates the ubiquitination of HIF-1a [123] . The molecular mechanism of this regulation remains to be fully elucidated. The HIF-1a lysine residue that becomes acetylated is not particularly close to the hydroxylated proline(s), so perhaps acetylation is necessary for the recognition of HIF-1a by the prolyl hydroxylase.
An earlier structure of the VHL/B/C complex revealed that many mutations which predispose to VHL disease are clustered on a solvent-exposed hydrophobic surface of VHL, leading to the speculation that this surface binds a specific substrate (HIF-1a had not been identified at that time) [129] . This proposal was confirmed by structures of a hydroxylated HIF-1a peptide bound to VHL [130, 131] . The structures show that the peptide binds in an extended conformation along a h-sandwich region of VHL (Fig. 6A) . Although there are h-sheet-like interactions between VHL and main chain groups of the substrate peptide, interactions with the hydroxyproline residue generate the lion's share of the affinity and specificity. This side chain is deeply buried, with its hydroxyl group hydrogen-bonded to buried serine and histidine residues of VHL. If HIF-1a bound to VHL in an unmodified state, these buried VHL side chains would have to be desolvated without forming compensatory favorable contacts. Thus, both positive and negative elements help to generate the appropriate specificity. The VHL/hydroxy-HIF-1a interface embodies a simple mode of recognition in which specific contacts with the modifying (hydroxyl) group are central to discrimination by the E3. This interface is an attractive drug target-blocking the interaction would stabilize HIF-1a independent of oxygen status, allowing for induction of angiogenesis following heart attack or stroke.
Cdc4/phospho-Sic1 interaction
The interaction of phosphorylated substrates with Cdc4 epitomizes a more complex mode of recognition. Yeast
SCF
Cdc4 targets a number of cell cycle regulatory factors for degradation by proteasomes, in a manner that is invariably regulated by substrate phosphorylation [76, 132] . One key substrate, Sic1, must be eliminated by 26S proteasomes in order for cells to pass from G1 into S phase and initiate DNA replication. The recognition of Sic1 by Cdc4 requires Sic1 phosphorylation by the G1 cyclin-dependent kinase (CDK). The properties of this regulatory modification are unusual: Sic1 must carry a large number of phosphates (five or six) before it can be recognized by Cdc4, but the phosphates can be distributed among any of nine potential sites [132, 133] . Each of the phosphorylated sites of Sic1 has a low affinity for Cdc4 relative to an optimized phosphopeptide, the so-called Cdc4-phosphodegron or CPD, that was discovered through a combinatorial approach [132] . This mode of phosphoSic1 recognition by Cdc4 can lead to a switch-like regulation of Sic1 degradation, ensuring that exit from G1 phase is delayed until G1 CDK activity is appropriately high. In this way, premature DNA replication is avoided (see Refs. [122, 132] ).
How does Cdc4 accomplish this unusual mode of recognition? Cdc4 is a WD40 protein, indicating that it folds into a h-propeller. Sequence-and structure-based considerations suggested that the Cdc4 WD40 domain harbors a single phosphopeptide binding site defined by a trio of conserved arginine residues [132] . The structure of a CPD/Cdc4 complex (Fig. 6B) shows that this is indeed the sole site of interaction with the optimized degron [76] . The structure explains several features shared by the CPD and the natural phosphodegrons. For example, preferences for leucine and proline at the À1 and +1 positions, respectively, reflect the presence of appropriate pockets for these side chains. The structure also explains why the natural phosphodegrons of Sic1 bind with a low affinity: each of them has at least one feature that hinders optimal interaction with the recognition site of Cdc4-usually, a nearby basic residue that will experience electrostatic repulsion from the arginine residues of Cdc4. The current hypothesis for Sic1 recognition invokes multiple weakly-interacting phosphodegrons that interact with a single site. Kinetic modeling suggests that the observed switch-like behavior derives mainly from cooperative effects on the rate of degron escape [134] . When considering Sic1 degradation (versus simple E3/Sic1 binding), the rate of ubiquitin conjugation is also part of the equation, and could contribute to a threshold effect because the relative rates of ubiquitin transfer and substrate dissociation could change from ineffective to effective with a modest decrease in the substrate dissociation rate.
The Cdc4/CPD interaction has interesting ramifications for the recognition of other Cdc4 substrates. Some Cdc4 targets have suboptimal phosphodegrons, but at least one has a site very like the optimal CPD. The results in hand, and the properties of these substrates, suggest that distinct substrates can sequentially access a single recognition site on Cdc4, depending on factors such as the timing and number of phosphate modifications, the contexts of the surrounding residues, etc. Thus, the degradation of different substrates may be subject to sophisticated regulation even when ostensibly identical degrons bind to a single E3 site.
Mdm2/p53 interaction
Mdm2 is a RING E3 that controls levels of the tumor suppressor p53 through several mechanisms [135] . Mdm2 binds p53 and blocks p53's transcriptional activation function. Mdm2 has also been linked with p53 nuclear export, which inhibits p53-mediated transcription. The mdm2 gene is itself induced by p53, leading to an autoregulatory negative feedback loop. Regulating p53 protein levels via ubiquitination and degradation is another mode of control. The structure of the N-terminal substrate binding domain of Mdm2 bound to a p53 peptide comprising the ubiquitination signal shows the mode of binding [136] . Mdm2 contains a hydrophobic cleft in which the p53 peptide binds via its hydrophobic face, utilizing in [130] . VHL is colored white with residues colored blue that interact with the HIF-1 hydroxyproline. Elongin B is colored green with elongin C colored yellow; (B) phospho-CPD bound to Skp1/Cdc4 [76] . Cdc4 is colored white with residues colored blue that interact with the CPD phosphate; Skp1 is colored yellow. particular three p53 residues that are also used in p53 transactivation.
Mdm2 is overexpressed in many human tumors, and the inhibition of Mdm2 expression has been shown to lead to the activation of p53 [137] . Disruption of the Mdm2/p53 interaction also leads to p53 activation. Recently, a smallmolecule antagonist has been identified [137] that binds Mdm2 in the p53-binding pocket (above), thus preventing p53 ubiquitination and leading to the activation of the p53 pathway. This line of research may eventually lead to a novel therapy for cancers characterized by transcriptionally active p53 alleles.
Concluding remarks
The past several years have seen tremendous advances in elucidating the basic biology and biochemistry of the ubiquitin protein family, but a great deal remains to be learned. In terms of biology, many of the recently discovered modifier proteins remain poorly characterized. Thus, we still do not know the functional consequences of substrate modification by ISG15, Fat10, Urm1, Ufm1, or Hub1; this is also true in many instances of sumoylation. Our knowledge of the conjugating machinery for these proteins is very incomplete. And it is almost certain that new members of the ubiquitin protein family have yet to be discovered. On the other hand, it is now clear that biochemical mechanisms of protein conjugation are highly conserved. This property will facilitate ongoing and future investigations.
By far, the greatest strides have been made with the founding family member. We now have a much higher resolution view of the protein-protein interactions that mediate ubiquitin activation, transfer, and conjugation. What is missing, as discussed above, is a clear understanding of how these reactions are catalyzed. Answering this question will be an important advance in basic knowledge. But it is also important for other purposes-successful drugs are often designed to interact with and neutralize catalytic groups. The E3/substrate interface, which is likely to be idiosyncratic, is also an attractive drug target [137] . So far, only a few such interfaces have been characterized in full molecular detail, but more are sure to follow. Given the extreme biomedical importance of protein conjugation, new discoveries about specificity and mechanism should be forthcoming on a regular basis.
Once conjugation has occurred, the protein modifier must be recognized as a preface to downstream consequences. There has been a recent acceleration in the identification of ubiquitin-recognizing motifs and domains (see Refs. [17, 19] ), but functional understanding of these domains is still at an early stage. The mechanisms by which other family members are recognized remain essentially unknown. This area, too, should provide plenty of exciting results over the next few years.
